ABSTRACT In order to examine the differences in bone properties between fast-growing and slow-growing broiler embryos and to understand the effects of genotype and egg size on these differences, fast-and slowgrowing hens and males were reciprocally crossed to create 4 egg groups: FST (laid by fast-growing hens, inseminated by fast-growing males), H-FST (fast-growing hens and slow-growing males), H-SLW (slow-growing hens and fast-growing males), and SLW (slow-growing hens and slow-growing males). Embryos (n = 8) from these 4 groups were sacrificed and weighed, and both tibiae were harvested on embryonic d (E) 17, 19, and 21. Left tibiae were tested for their whole-bone mechanical properties using a micromechanical device. Cortical bone structure and bone mineral density (BMD) were examined by micro-computed tomography of the left tibiae. Bone mineralization was evaluated by measuring BMD and ash content, while the rate and location of mineralization were evaluated by fluorochrome labeling. Osteoclastic activity and osteocyte density were evaluated by histological stains [TRAP (Tartrate resistant acid phosphatase) and H&E (Hematoxylin and Eosin), respectively]. Groups with larger eggs (FST and H-FST) had higher BW and tibia weight than groups with smaller eggs (SLW and H-SLW); however, they had a lower ratio of tibia weight to BW. Between groups with similar egg weight, stiffness, maximal load, and yield load of the bones were higher in the SLW than the H-SLW, while no differences were found between the FST and H-FST. Additionally, the tibiae of the SLW were stiffer and their osteocyte density higher than in the FST on E21 and their periosteal mineralization rate was higher between E19 and E21. No differences were found between the groups in cortical bone structure. This study demonstrates that faster growing hatchlings, especially those that hatch from relatively small eggs, have inferior bone mechanical properties in comparison to slower growing hatchlings, and suggests that fastgrowing chicks hatching from small eggs are at a higher risk for developing bone pathologies. Accordingly, selection for increased egg size may lead to improved mechanical performance of the skeleton of fast-growing broilers.
INTRODUCTION
Genetic selection is a very effective method to increase production efficiency of livestock species. In the last couple of decades broilers have undergone extreme selection directed at increasing their growth rate, the proportion of their breast muscle, and feed conversion efficiency. The rate of weight gain in broilers increased from 25 g/d in the 1950s to 100 g/d in 2008 (Knowles et al., 2008) . On the other hand, such selection can have undesirable effects since support systems such as the skeletal, immune, and cardiovascular systems, cannot keep up with this massive increase in muscle mass, C 2017 Poultry Science Association Inc. Received September 28, 2016. Accepted January 5, 2017. 1 Corresponding author: roniyair@gmail.com and thus today's broilers experience multiple problems in these systems (Havenstein et al., 2003; Tona et al., 2004; Schmidt et al., 2009; Hocking, 2010; Vieira and Angel, 2012; Collins et al., 2014; González-Cerón et al., 2015; Oliveira et al., 2015) .
The skeletal problems in broilers involve mainly their leg bones, especially tibiae and femora (Thorp, 1994; Julian, 1998; Dibner et al., 2007; Knowles et al., 2008) . Leg problems can dramatically affect broiler welfare by causing lameness and impaired walking ability, inducing acute and chronic pain and reducing access to feed and water, all of which may even cause mortality (Julian, 1998; Angel, 2007; Dibner et al., 2007; Nääs et al., 2009; Shim et al., 2012; Ruiz-Feria et al., 2014) . Additionally, leg problems were estimated to cause losses of 80 to 120 million dollars annually in the United States alone (Sullivan, 1994) . Although to the best of our knowledge no recent estimations are available, a survey of 2301 commercial broiler flocks conducted in 2008 (Knowles et al., 2008) found that over 27.6% of the birds suffer from poor locomotion and 3.3% are almost unable to walk at all. Impaired walking ability is expected to reduce production by dropping feed consumption, increasing frequency of downgrades and carcass condemnations, and increasing mortality.
Previous studies compared bones of fast-growing broilers with those of slow-growing broilers, which do not suffer as much from leg problems (Julian, 1998; Corr et al., 2003; Knowles et al., 2008; Caplen et al., 2012; Kapell et al., 2012) , and found that fast-growing broilers have reduced bone ash, increased cortical bone porosity, and lower whole bone stiffness compared to the slower growing strains (Leterrier and Nys, 1992; Williams et al., 2000; Williams et al., 2004) . Pitsillides et al. (1999) have shown that fast-growing broilers have a poorer ability to adapt to increased mechanical load than slow-growing broilers, leading to impaired adaptation of the skeletal system to the increased BW.
The causes for the differences in bone properties and increased incidence of leg problems in fast-growing broiler strains are varied and were found to include genetics, nutrition, and management factors (incubation conditions and lighting schedule, among others) (Kestin et al., 1992; Thorp, 1994; Julian, 1998; Williams et al., 2000; McDevitt et al., 2006; Shim et al., 2012; Groves and Muir, 2014; Ruiz-Feria et al., 2014; Oliveira et al., 2015; Van der Pol et al., 2015; Oznurlu et al., 2016) . Among these causes, it is widely believed that genetics are the dominant cause; almost every study on leg problems in broilers highlights the genetic aspect of these problems and/or the close association between the fast growth rate that was induced by genetic selection and leg problems (Kestin et al., 1992; Thorp, 1994; Julian, 1998; Kestin et al., 1999; Williams et al., 2000; McDevitt et al., 2006; Knowles et al., 2008; Talaty et al., 2009; Shim et al., 2012; González-Cerón et al., 2015) .
In addition to genetics, epigenetic components, in particular nutrition and management, affect bone structure and mechanical properties (Angel, 2007; Dibner et al., 2007; Moran, 2007; Fleming, 2008; Vieira and Angel, 2012; Yair et al., 2015) . The content and chemical form of Ca, P, Cu, Mn, Zn, and Vitamin D 3 in the diet, as well as the Ca:P and n-6:n-3 ratios can influence correct bone development and properties (Richards, 1997; Angel, 2007; Dibner et al., 2007; Moran, 2007; Fleming, 2008; Favero et al., 2013; Groves and Muir, 2014; Van der Pol et al., 2014) . Management of incubation conditions can affect bone properties, leg problems, and standing ability of broilers (Oviedo-Rondón et al., 2008; Groves and Muir, 2014; Van der Pol et al., 2014) . Incubation profiles, which included lower temperatures until E15 and higher temperatures on E16 to E18, have resulted in later-hatching chicks and improved broiler standing ability (Groves and Muir, 2014) , while higher incubation temperatures result in impaired bone properties and higher incidence of leg pathologies (OviedoRondón et al., 2008; Van der Pol et al., 2014).
As the period needed to raise broilers to their target marketing weight (about 2.5 kg) decreased with the progression of selection while the incubation period remained more or less the same, the importance of the incubation period increased . Despite this fact and the concept that fetal development can have long-lasting consequences that could last through adulthood (Lucas, 1991; Petry and Hales, 2000; Mcmillen and Robinson, 2005) , little is known about the differences in bone development during incubation period between fast-growing broilers and older strains of slow-growing broilers.
Differences in bone properties between the fast-and slow-growing embryos incubated under the same conditions can be due to 2 potential factors: the embryo genotype and maternal effects (egg size, egg content, and genetic differences between males and females). Understanding the importance of these 2 factors can aid in focusing on more effective ways to reduce leg problem incidence.
The objectives of this study were: 1) to examine the differences in morphometric, mechanical, structural, and cellular properties, and mineralization rate of the bone, as well as BW, between fast-growing and slowgrowing broiler embryos, and 2) to understand if differences in the abovementioned properties are mostly affected by genotypic or egg-related maternal differences between the fast-and slow-growing strains.
MATERIALS AND METHODS

Ethics Statement
This study was performed according to national regulations and guidelines of the Institutional Animal Welfare Committee, and was approved by the local ethics committee (Faculty of Agriculture, The Hebrew University, Rehovot, Israel; approval number: OPRR-A01-5011).
General Procedure
Twenty hens and 6 males from a contemporary fastgrowing commercial broiler strain (FST) as well as 30 hens and 10 males from an experimental population representing slow-growing broilers that were commercially used in 1986 (SLW) were housed in individual cages at the broiler breeding facility of the faculty of agriculture (Hebrew University of Jerusalem, Rehovot, Israel) and fed according to routine protocols of the FST strain (Table 1) . Semen was collected every 2 days from all the males of each strain to create 2 semen pools: FST and SLW. Both the FST group and the SLW hens were divided into 2 equal sub-groups (Table 2) . One sub-group of hens from each strain was inseminated by the semen pool of the same strain, and the second sub-group was inseminated by the semen of the other strain (reciprocal crosses). In the first wk of the study 2 hens from the H-FST (hybrids from FST hens and SLW males) group and one hen from the H-SLW (hybrids from SLW hens and FST males) suffered from leg problems, stopped laying, and were removed from the study. The eggs laid by all hens were collected daily, weighed, and divided into one of 4 groups: FST (from FST hens inseminated with semen from FST males), H-FST (hybrids from FST hens and SLW males), H-SLW (hybrids from SLW hens and FST males), and SLW (SLW hens and SLW males).
Egg Collection
The eggs were collected for 4 wk and the study was carried out in 2 sequential and identical experiments (statistically considered as blocks). Eggs from the first 2 wk were used in the first experiment and eggs from the last 2 wk were used in the second experiment. Three eggs from the second experiment (all from the H-FST group), which weighed between 75 and 80 g, were excluded since their weight was more than 3 std over the average of the H-FST group. The eggs were incubated (Petersime, Zulte, Belgium) continuously at a temperature of 37.8
• C and relative humidity of 56% and candled on embryonic d 15 (E15) to identify the fertile eggs.
The number of eggs laid as well as the number and average weight of fertile eggs are presented in Table 2 .
Sample Collection
On embryonic d 17, 19, and 21 (E17, E19, and E21) 4 eggs from each group from both experiments were randomly selected in order to represent the egg weights of each group and the tibiae from both legs were harvested. The weights of the selected embryos are presented in Table 2 . The bones were cleaned of all soft tissues, externally measured (weight and length), the muscles surrounding each tibia were weighed, and the bones were then wrapped in saline-soaked gauze and stored at −20 o C, until further testing. Upon hatching, chicks from the all groups were identified by a neck tag number and moved to a pen, and the floor was covered with soft pinewood shavings. The chicks were fed diets identical to those fed by Yair et al. (2015) , raised until 38 d post hatch and weighed to verify their growth weight.
Structural Analysis
Cortical bone structural analysis was carried out as previously described (Yair et al., 2015) . Briefly, the mid-diaphysial region of the left tibia of each embryo was scanned using a high-resolution micro-computed tomography (μCT) scanner (SkyScan 1174, Kontich, Belgium). A total of 225 projections was acquired over an angular range of 180
• . An aluminum filter of 0.25 mm thickness was used to reduce beam hardening effects. Scans were performed at a resolution of 7.9 μm for E17 and E19, and 10.2 μm for E21. Two phantoms (0.25 g/cc and 0.75 g/cc) were scanned at identical parameters in order to allow calibration of the attenuation levels directly to bone mineral density (BMD) values. The image projections were reconstructed using commercial software (NRecon, SkyScan, Belgium) and a 100-slice region of interest at the mid-diaphysis was manually selected for analysis. Analysis was performed a,b Significant differences between groups are marked with different superscripts (P < 0.05). § n = 10, 8, 14, and 15 for the FST, H-FST, H-SLW, and SLW groups. In the first wk of the study, 2 hens from the H-FST group and one hen from the H-SLW suffered from leg problems, stopped laying, and were removed from the study.
# Because of hatching we could not provide the accurate weight of the eggs of all groups on E21; therefore, we provide the initial weight (before setting the eggs in the hatchery) of the specific eggs we sampled on E21.
with commercial software (CTan, SkyScan, Belgium). The following cortical properties were measured: bone volume fraction as % of total tissue volume (BV/TV, %), BMD (g/cm 3 ), cortical cross-sectional area (mm 2 ), medullary area (mm 2 ), and polar moment of inertia (mm 4 ).
Mechanical Testing
After completion of the structural analysis, whole tibiae were biomechanically tested in 3-point bending as described by Yair et al. (2015) . Briefly, bones were tested in a custom-built micromechanical device. Force was measured using a 120 N load cell (AL311, Sensotec, Honeywell, Columbus, OH) which was attached to a movable anvil that contacted the bone sample at its mid-point. Displacement of the anvil was measured using an optic encoder with 50 nm resolution (Model RGH 22H30D63, Renishaw, New Mills, UK). Loading was conducted at a constant rate of 2 mm/min up to fracture, as identified by a sudden decrease in load.
The resulting load-displacement curves were used to calculate whole-bone stiffness (slope of the linear portion of the load-displacement curve), yield load (defined as the load at which the curve ceased to be linear), maximal load, and work to fracture (WTF) (Lanyon et al., 1982) .
Ash Content
After the tibiae were mechanically tested, a small section from the mid diaphysis of each bone (about 10 to 20% of the bone's length) was removed and taken for % dry ash quantification following the protocol previously described (Yair et al., 2013) .
Histology
On E21, cleaned right tibiae (n = 5) were fixed with 4% paraformaldehyde for 24 h and decalcified at 4
• C in 19% EDTA (pH 7.4) for 7 to 14 days. The bones were than dehydrated in graded ethanol solutions (50, 70, 85, 95, and 100%) and embedded in paraffin. Transverse slices, 5 μm thick, were obtained from the mid-diaphysis of each sample using a Leica (Nussloch, Germany) microtome. The sections were than stained with Hematoxylin and Eosin (H&E, Sigma-Aldrich, St. Louis, MO) to detect and count cells residing within the bone (osteocytes) or stained with TRAP (Tartrate resistant acid phosphatase; Sigma-Aldrich, St. Louis, MO) (Sigma-Aldrich, St. Louis, MO) to detect osteoclast activity. The stained sections were visualized in a light microscope (Olympus Optical BX40F-3, Tokyo, Japan).
Mineralization Formation Rate
In order to assess the temporal rate and pattern of mineralization, we used fluorochromes, which mark the mineralizing areas close to the time of their injection. We developed a procedure for injection of calcein and alizarin (Calcein Green and Alizarin Red; Sigma, St. Louis, MO) to the egg. Although the most direct means of administration of fluorochromes to the embryo is by injecting them directly into the blood vessels of the chorioallantoic membrane (CAM), as reported by Hen et al. (2012) , these blood vessels are very sensitive, and it is therefore almost impossible to perform multiple injections to the same egg. Therefore, on E17, alizarin red was injected to the amniotic fluid (which the embryo consumes almost entirely by E19) using the in ovo feeding method (Uni and Ferket, 2003; Uni and Ferket, 2004) , followed by an injection of calcein green on E19 into the yolk sac (which was found by egg candling). Prior to administration, fluorochrome solutions were sterilized using a 0.2 μm nylon filter (Whatman, GE Healthcare, Little Chalfont, UK).
The optimal concentration of each fluorochrome was examined by injection of eggs with 3, 6, 9, 20, 40, and 60 mg calcein or alizarin per estimated embryo weight in kg (10 eggs for each concentration and material). In order to estimate embryonic weight we correlated embryonic weight on E17 and E19 in both strains to their fresh egg weight. All concentrations higher or equal to 20 mg/kg of calcein and alizarin were toxic, as seen by high incidence of underdeveloped embryos (≥20%) and low hatchability (20 to 70%). The lowest concentrations that showed similar results to CAM injections were 9 mg/kg of alizarin and 6 mg/kg of calcein, and therefore those were selected for our study. Concentrations of calcein and alizarin solutions were 0.20 and 0.16 mg/100 μl, respectively, and injected volumes were adjusted according to estimated weight of each embryo.
In the first experiment of the current study eggs from the FST and SLW (n = 5) groups were sequentially injected with alizarin on E17 and calcein on E19. In the second experiment 5 eggs from each of the 4 groups were similarly injected. Tibiae from each of the injected embryos were sampled at hatch. Thin (0.5 mm) transverse bone sections were cut from the mid diaphysis using a slow water-cooled diamond saw (Buehler Isomet, Lake Bluff, IL). The sections were than hand-polished from both sides using emery paper (800, 1,200, 2,400, and 4,000 grit) and a polishing cloth with 3 μm diamond suspension (Buehler Minimet Polisher, Lake Bluff, IL). The polished slices were observed using a confocal laser scanning microscopy (Zeiss LSM-510, Oberkochen, Germany). The excitation wavelength for calcein was set to 488 nm, whereas the emission was measured from 505 to 530 nm. The excitation wavelength for alizarin was set to 532 nm, with emission measured in a range of 660 to 760 nm.
Statistical Analysis
Data were subjected to 3-way factorial ANOVA with 4 groups (FST, H-FST, H-SLW, and SLW), 3 sampling d, 2 experiments (as blocks), and all their interactions. The group means were compared by the Tukey-Kramer HSD test. All statistical analyses were conducted using the JMP software (SAS Institute Inc., Cary, NC), and differences were considered statistically significant at P < 0.05.
RESULTS
BW, tibia weight, tibia muscle weight, tibia to body weight ratio, and tibia length between E17 and E21 are presented in Table 3 . BW on d 38 post hatch is presented in supplementary Table 1 . For most of these parameters, the FST group had higher values than the SLW. Moreover, the FST and H-FST did not differ in their BW, muscle weight, and tibia weight, and similarly the H-SLW did not differ from the SLW in these parameters.
The FST and H-FST had 13 to 14% heavier eggs than the H-SLW and SLW groups, and the difference grew to 20 to 26% when the body weight of their hatchlings was compared.
On d 38 post hatch the FST had the highest BW, followed by the H-FST and H-SLW (which did not differ from each other) and the SLW had the lowest BW of all groups.
The tibiae of the FST group were heavier than those of the SLW between E17 and E21, and the weight of tibiae of the SLW group increased by 246% during that period, while in the FST their weight increased by 180%. Additionally, tibia weight to body weight ratio of all groups did not differ on E17 and E19, while on E21 the SLW group had an 18% higher ratio than the FST.
Different parameters of bone mineralization (ash content, BMD) are presented in Table 4 ; ash content and BMD of the SLW and FST did not differ between E17 and E21.
Bone volume fraction (BV/TV), cortical area, medullary area, and polar moment of inertia are presented in Supplementary Table 2. Other than BV/TV on E17 and E21, no differences between the groups in bone structure were found. Figure 1 presents the stiffness, maximal load, work to fracture, and yield load, while Figure 2 presents these parameters on E21, normalized by BW. Generally, bone mechanical properties of all groups followed a similar pattern, an increase between E17 and E19, followed by a decrease between E19 and E21. The H-SLW had the lowest stiffness, maximal load, and yield load during the examined period, while the only other difference a-b Significant differences between groups are marked with superscripts (P < 0.05).
* Values differ only in the first experiment (interaction between group and experiment, P < 0.02). a-b Significant differences between groups are marked with superscripts (P < 0.05).
* Values differ only in the second experiment (interaction between group and experiment, P = 0.04).
seen in these properties was between the SLW and FST on E21 as the SLW had a 24% higher stiffness. When the mechanical properties were normalized to BW, the difference in stiffness between these groups was even higher (54%) and the SLW had 66% higher WTF in the second block (0.51 N * mm for the SLW and 0.31 N * mm for the FST). Figure 3 presents bone cross-sections of the SLW and FST groups on E21, which were stained to visualize osteoclastic activity (TRAP staining). Osteoclast density could not be accurately quantified, but no visible differences in osteoclast activity can be detected between the 2 groups, and in both groups osteoclastic activity occurred exclusively in the endosteum of bones from both groups. Figure 4 presents bone cross-sections of the SLW and FST groups on E21 labeled with Alizarin (red) on E17 and Calcein (green) on E19, and enables a visualization of mineralization patterns between E17 and E21. Between E17 and E19 mineralization takes place only on the edges of vascular cavities (as seen by the alizarin staining), while between E19 and E21 there is also intense deposition of mineral on the periosteal area of the bone (as seen by the calcein staining). Figure 5A shows cortical cross-sections from the SLW and FST groups on E21 stained for hematoxylin and eosin (H&E). Osteocytes within the cross-sections were quantified and the average osteocyte density of the 4 groups is presented in Figure 5B . On E21, the FST group had a 43, 46, and 38% lower osteocyte density than the SLW, H-FST, and H-SLW groups, respectively. 
DISCUSSION
This paper characterizes the temporal changes in bone morphometric, mechanical, and structural properties, as well as cellular activity and mineralization rate of fast-growing and slow-growing broiler embryos towards hatch, between E17 and E21.
Generally, the results show that during the last d of incubation and at hatch, slower growing embryos (SLW) have better bone mechanical properties (higher stiffness and higher WTF normalized to BW on E21), higher mineralization rate and osteocyte density, and decreased BW, tibial weight normalized to BW, and tibial length compared to fast growing embryos (FST).
The experimental model used in this study, of reciprocal crosses between fast-and slow-growing strains, enables us to compare embryos with similar egg size and different genotype, as well as embryos with similar genotype and different egg size. Accordingly, this experiment enables us to assess the effects of the embryo's genotype and egg size on numerous bone properties and BW. Tibial wt (E17-E21) and tibial wt to BW ratio (E21) were similar between groups with similar egg size and differed between groups with different egg size, suggesting that they are mostly influenced by egg size. On the other hand, none of the other bone properties examined in this study resembled this pattern, indicating that they were probably affected by both strain and egg size, and that the inheritance model of these properties is more complicated.
Comparing the H-SLW and SLW groups, which had similar (and relatively small) eggs and hatchling's weight, showed that the slower growing hatchlings (SLW) have improved mechanical properties, hinting that bone development of fast-growing embryos is restricted by egg size. In contrast, comparing between the FST and H-FST groups, which had similar and relatively large eggs and hatchling's weight showed no similar advantage for the slower growing group (H-FST), as the FST and H-FST had similar bone mechanical properties.
Our results also show that larger egg size can improve bone properties in embryos with a similar genetic potential, as H-FST embryos have heavier body and muscle weights, as well as better mechanical properties compared to the H-SLW. These results imply that both egg size, and embryo's genetic potential affect bone properties. However, the degree to which egg size affects bone properties is dependent upon the embryo's genetic potential and vice versa.
It should be mentioned that the current paper does not present an egg composition analysis and therefore every difference between the groups that is attributed to egg size could also be attributed to differences in egg composition that might exist between the groups. Theoretically, sex-linked traits also could have had an effect on the differences in bone parameters; however, this is unlikely since in a recent study no differences in various bone parameters were found between male and female embryos and hatchlings (Yair et al., 2015) .
Younger hens were previously found to lay lighter eggs than older hens (Silversides, 1994; Yi et al., 2014) and one-day-old chicks from young hens had lower bone ash and mineral density than chicks of similar age from older hens (Yalçin et al., 2001) . According to these and to our results, it can be assumed that the offspring of fast-growing young hens have a relatively high potential for an underdeveloped skeleton at hatch.
Smaller eggs might restrict body and skeleton growth due either to the physical barrier provided by the egg shell or nutrient imbalance or shortage. For example, during the last d of incubation, the embryo might experience deficiency in minerals such as P, Zn, Mn, and Cu, which are important for bone development (Yair and Uni, 2011; Yair et al., 2015) . Due to their higher metabolic rate, fast-growing embryos are more likely to experience such deficiencies. This is in line with our results, which showed that in relatively smaller eggs, slower growing embryos (SLW) have improved mechanical properties in comparison to faster growing embryos (H-SLW). Accordingly, fast growing chicks hatching from small eggs, may need to compensate for their underdeveloped bones during the first d post hatch and may have an increased potential for bone pathologies.
Follow-up research into the effects of genotype, egg size, and egg nutrient composition on post-hatch bone properties is needed to better understand the consequences of an underdeveloped skeleton at hatch.
In relation to leg problems in fast-growing broilers, our results show that at hatch the bones of FST are 19% less stiff than those of the SLW. The importance of this finding is amplified by the differences in the BW of hatchlings, as at hatch the FST were heavier than the SLW (by 25%; Table 3 ) and therefore the load on their legs is expected to be higher. Accordingly, the inferior mechanical properties of fast-growing broilers (FST) at hatch might contribute to the higher incidence of leg problems they experience. Generally, differences in mechanical properties between the groups result from differences in mineralization and/or structural properties; however, there were no significant differences in these parameters between the SLW and FST groups. One possible explanation for this finding may be the difference in periosteal mineralization between the groups: A visual (not quantitative) comparison between the mineralization patterns of the SLW and FST using fluorochrome labeling (Figure 4) shows that while mineralization patterns were similar, mineralization intensity and the thickness of the intensely mineralized periosteal area between E19 and E21 were clearly higher in the SLW. Despite this higher periosteal mineralization of the SLW, it did not lead to a significantly higher BMD on E21 (P = 0.11)
The formation of woven bone followed by lamellar bone filling the cavities seen in Figure 4 fits the description of fast-growing fibrolamellar bone (Currey, 2002; Reznikov et al., 2014) , and is similar to the description of embryonic tibial development in leghorn chickens (Caplan and Pechak, 1987) . In addition to filling the cavities, our fluorochrome labeling patterns suggest that between E19 and E21 mineral is deposited around the edges of the cavities ( Figure 4B ), possibly to reinforce the structure.
During the last 2 d of incubation there is an intense periosteal deposition of mineral (Figure 4) . Concurrently, the medullary area of all groups (SLW, H-SL, H-FA, and FST) increases by 46 to 72%, implying an intense endosteal resorption of relatively old and highly mineralized bone material, which can be expected to reduce BMD. TRAP staining (Figure 3 ) also supports this statement by showing that osteoclast activity occurred exclusively in the endosteum of bones from the FST and SLW embryos. Similar perinatal increases in medullary area were seen in broilers Yair et al., 2015) , mice, and humans (Rauch and Schoenau, 2001; Oest et al., 2008; Sharir et al., 2013) . However, while in mice and humans BMD decreased, supposedly due to the relatively greater rate of enlargement of the marrow cavity compared to periosteal expansion, in broilers BMD did not decrease. Accordingly, we suggest that the intense periosteal mineralization seen both in FST and in SLW embryos might be a mechanism specific to chickens, which prevents a decrease in BMD in order to maintain bone stiffness at hatch.
Despite the differences in mechanical properties and mineralization patterns, the very minor differences found in bone structure between all groups (SLW, H-SL, H-FA, and FST) suggest that bone geometry is highly conserved and almost unaffected by the genetic selection for fast growth and egg composition. Pitsillides et al. (1999) compared strain-induced responses in bone cultures from fast and slow growing chickens and concluded that faster growing chickens have compromised ability to respond appropriately to loading-induced mechanical strain. Since osteocytes serve as the load sensors in the bone (Palumbo et al., 2004; Pearson and Lieberman, 2004; Bonewald, 2011) , the significantly lower osteocyte density of the FST on E21 (in comparison to the SLW; Figure 5 ) can be one of the factors responsible for the decrease in the bone's ability to detect and respond to mechanical load. Havenstein et al. (1994) assessed the relative contributions of genetic selection and diet on BW of broilers, and found that genetic differences between the strains were responsible for most of the difference in BW. In contrast, our results suggest that the BW of late-term embryos and hatchlings is mostly influenced by egg size, not genotype.
To conclude, this work examines the differences between fast-and slow-growing broiler strains and the effect of egg size on embryonic body and bone development during the last d of incubation. Our results indicate that slower growing embryos have decreased BW, tibia weight and tibia length, improved bone mechanical properties, both absolute and even more so normalized to weight, increased mineralization rate, and higher osteocyte concentration than fast-growing embryos during the last d of incubation and at hatch. In addition, the results suggest that bone development of fast-growing embryos is limited and slowed by smaller egg size, and therefore fast-growing hatchlings from relatively small eggs may have an increased potential for bone pathologies.
Due to the increased importance and effect of incubation period in current fast-growing embryos, selection for hens with increased egg size can have a long-lasting positive effect on the skeletal performance of broilers throughout their growing period.
SUPPLEMENTARY DATA
Supplementary data are available at PSCIEN online. Table S1 . Body weights of the males and females from FST, H-FST, H-SLW, and SLW groups 38 d post hatch. Table S2 . Structural properties of the cortical bone of the FST, H-SLW, H-FST, and SLW groups (n = 8). Bone volume fraction (BV/TV), cortical area, medullary area, and polar moment of inertia.
